Previously, we found that the quorum sensing transcription factor SdiA up-regulates AcrAB. Others found that a 4-quinolone was a quorum-sensing signal in Pseudomonas aeruginosa. In Escherichia coli, there are at least three multidrug transporters (AcrAB͞TolC, MdfA, and NorE) that exude fluoroquinolones. Here, we show that ⌬acrAB, tolC210, or ⌬norE mutants have the same growth rate as WT cells in exponential phase but grow to higher cell density in stationary phase. Overproduction of either pump caused cells to reach lower density. mdfA had no effect. 
B
acteria communicate using small chemical molecules, and this process is termed quorum sensing. Accumulation of quorumsensing signals (QSS) in the growth medium mirrors cell density. Once a threshold concentration is reached, the QSS activate transcription factors that, in turn, up-regulate the signal synthase and multiple other genes. QSS have been shown to control bioluminescence, virulence factor expression, biofilm formation, entry into stationary phase, conjugal transfer of plasmid DNA, spore formation, and transformation competence (1) . Distinct classes of QSS have been discovered in Gram-negative bacteria: the N-acyl homoserine lactones (AHL), the LuxS-derived family of furanone signals (2) , the diketopiperazines (3), and 2-heptyl-3-hydroxy-4-quinolone (PQS) (4) and additional signals are likely to exist. PQS activates quorum sensing-regulated virulence factors (5, 6) and, when overproduced, results in cell autolysis (7) . It is surprising that bacteria produce a quinolone to communicate because quinolones are among the most potent, broad-spectrum antimicrobial agents used to treat bacterial infections (8) . However, PQS does not seem to be bactericidal against Escherichia coli (4) .
QSS identified thus far from Gram-negative bacteria regulate biofilm formation or the expression of bioluminescence or virulence genes (1) . QSS thought to control cell density have been shown to block DNA replication in E. coli. However, despite intensive efforts, neither this QSS nor any other involved in stationary phase regulation has been purified (9) . Known QSS vary widely in their ability to diffuse across bacterial membranes. The Vibrio fischeri AHL signal, 3OC 6 -HSL, freely diffuses (10) . C 4 -HSL, a Pseudomonas aeruginosa AHL signal, is also freely diffusible (11) . However, a larger P. aeruginosa AHL signal, 3OC 12 -HSL, exits the cell inefficiently (11) . The multidrug resistance (MDR) efflux pump MexAB and, perhaps, MexCD, MexEF, and MexGHI assist the diffusion of the 3OC 12 -HSL signal from P. aeruginosa (11) (12) (13) (14) . MexEF may also emit PQS from the cell (12) .
Gram-negative bacteria contain four families of MDR transporters: RND, MFS, MATE, and SMR (15) . RND pumps, through a connection to an outer membrane channel, are able to emit substrate (from the cytoplasm or periplasm) directly to the outside of the cell (16) . The other types are located in the inner membrane and emit substrate into the periplasmic space.
An integration of transporters and quorum sensing is suggested by the following. (i) MDR pumps can efflux otherwise non-freely diffusible QSS (11) . Overproduction of MexAB, MexCD, and MexEF in P. aeruginosa decreased production of virulence factors positively regulated by quorum sensing (12, 14, 17) , and the overproduction of MexAB decreased extracellular concentrations of 3OC 12 -HSL (17) . Although suggestive of a link between MDR pumps and quorum sensing, the process is not clear. (ii) The MexGHI pump was identified in a screen for gene products that affect the transcriptional expression of a quorum sensing-regulated virulence factor (18) ; deletion of MexGHI decreased virulence factor production (13) . (iii) Microarray analyses in P. aeruginosa show that the expression of at least seven MDR pumps is regulated positively by C 4 -HSL and 3OC 12 -HSL (19) (20) (21) .
In E. coli, SdiA, which is homologous to the LuxR family of quorum-sensing transcription factors, is regulated in a densitydependent manner (22) . SdiA overproduction leads, perhaps indirectly (23) , to increased resistance to quinolones and other antibiotics through up-regulation of AcrAB (24, 25) . Lack of SdiA led to slightly lower AcrB levels and decreased drug resistance (25) . Like its P. aeruginosa Mex efflux pump homologs, AcrAB is an RND transporter. These data suggest that AcrAB may play a role in quorum sensing through the active efflux of QSS.
Results
acrAB Null Mutants Overgrow in Stationary Phase. In E. coli, adaptation to growth in stationary phase is regulated by quorum sensing (26) . Thus, it seems logical that entry of cells into stationary phase may be defective in the absence of a gene product that is important in quorum sensing. Therefore, we monitored the growth of ⌬acrAB and its isogenic WT strain (Fig. 1) . Growth rates of WT and ⌬acrAB cells during exponential growth phase were indistinguishable, as has been shown (27) . However, as the cultures approached stationary phase, ⌬acrAB deviated from WT and grew to a statistically significant increased density of 17 Ϯ 4% (Table 1) . This overgrowth has not been reported previously, and was the same in LB (Fig. 1 A) or M9 (Fig. 1B) medium. The stationary phase section of the growth curve was done nine times with the same results.
Averaged from four experiments done in duplicate, the stationary phase ⌬acrAB cultures contained 15 Ϯ 4% more protein than WT (Table 1 ) (protein levels were identical in logarithmic phase). In exponential growth, where the cell densities were identical, the ⌬acrAB cells were, on average, Ϸ15% longer than WT cells (data not shown), as determined by using light microscopy. In stationary phase, the WT and ⌬acrAB cells were all short and approximately equal in size (data not shown). Therefore, cell length does not seem to account for the increased density and protein levels seen in ⌬acrAB. Using a Petroff-Hausser counter, we found that the ⌬acrAB cultures contained 22 Ϯ 9% more cells in stationary phase (Table 1) . Therefore, the overgrowth phenotype of the ⌬acrAB strain seems to be caused by an increase in cell number. A fraction of the cultures used for cell counting was spread onto LB-agar and incubated overnight. At 6-8 h (late logarithmic phase), the ratio of cells able to form colonies to total cell number was 54 Ϯ 5.5% in WT cells and 58.4 Ϯ 12.6% in ⌬acrAB. After 14 h (stationary phase), the WT ratio was 45 Ϯ 4.8%, and the mutant ratio was 42 Ϯ 8.8%. Thus, there is no difference in the viability of the two strains.
The outer membrane channel TolC associates with AcrAB to transport substrates out into the environment. tolC210::Tn10 was transduced into WT and ⌬acrAB strains, and growth of the resultant strains was measured. In four experiments (in triplicate), tolC210, ⌬acrAB, and ⌬acrAB tolC210 each overgrew by an average of Ϸ10% (Fig. 1C ) compared with WT (P Ͻ 0.01 by Student's t test).
⌬norE, but Not ⌬mdfA, Mutants Overgrow in Stationary Phase. No difference was found in logarithmic phase, but ⌬norE cells overgrew in stationary phase (Fig. 1C) . The ⌬acrAB ⌬norE strain grew identically to WT in logarithmic phase and overgrew in stationary phase to the same extent as ⌬acrAB or ⌬norE (Fig. 1C) . The removal of mdfA had no effect on growth of WT (Fig. 1C) , ⌬acrAB, or ⌬norE strains (data not shown).
Effect of Conditioned Medium (CM) on Repression of Cell Growth. The overgrowth of ⌬acrAB, ⌬norE, and ⌬acrAB ⌬norE would be expected if these cells were defective in emitting a growth cessation QSS. If so, CM from the mutant should not be as efficient as CM from WT cells at inhibiting cell growth. We measured the effects of CM harvested from WT, ⌬acrAB, ⌬norE, or ⌬acrAB ⌬norE on WT cell growth. CM was harvested when the strains reached a density of A 600 ϭ 3.0, at a point before the overgrowth of the mutant strains when cell density and time in the culture medium are identical between the donor strains. Exponentially growing (A 600 Ϸ 0.4) WT cells were then inoculated into CM from the WT or mutant strains to an A 600 ϭ 0.02, and growth was followed spectrophotometrically. CM from ⌬acrAB or ⌬norE inhibited growth identically to CM from WT (data not shown). However, CM from the ⌬acrAB ⌬norE cells allowed more growth than the CM from WT cells, with the maximal difference (20%) observed at 1.5 h after inoculation (Fig. 1E ). This finding suggests that there was more QSS exuded by the WT strain compared with the double mutant. A synergistic effect between NorE and AcrAB (28), combined with NorE emitting its substrate only into the periplasm, may explain why either single mutant had no differential effect. After 3 h of growth, there was no difference in the density of the cells grown in any of the CM. This finding suggests that, over time, QSS produced by the growing cells overwhelms QSS present in the CM.
Overexpression of MDR Transporters Represses Growth. We determined the effect of acrAB overexpression on growth by using plasmid pAB (29) , which contains the acrAB genes controlled by an (D) Growth curve in LB medium as in A, using strains W4573 (WT, E), LZ2184 (⌬acrAB, F); LZ2096 (⌬norE, ‚), LZ2301 (⌬mdfA, ᮀ), and LZ2306 (⌬acrAB ⌬norE, छ). Cultures were inoculated in duplicate, and the values shown are the mean with SEM. Where no error bars, the deviation is smaller than the symbol. Three-way factorial analysis of data from D and two additional trials is shown. The three factors were trial number, strain, and time. Time was Ͻ10 h and Ն10 h. The strain data (for time Ͼ10 h) were statistically significant (WT was different from ⌬acrAB and ⌬acrAB ⌬norE) with an overall probability of type I error ϭ 0.05. No other factors were significant. (E) Effect of CM from WT or ⌬acrAB ⌬norE on growth of WT cells. The ratio of A 600 readings from WT cells grown in CM from ⌬acrAB ⌬norE to that of CM from WT is plotted with time. The experiment was performed twice in triplicate; SEM is shown. Strains were grown in LB medium at 37°C with shaking for the times indicated. n, Number of separate experiments used to calculate the normalized values. Because of day-to-day variation, the WT was normalized to 1. The ⌬acrAB was calculated relative to that. Within each experiment, strains were analyzed in duplicate. The standard deviation is shown. *Normalized.
arabinose inducible promoter ( Fig. 2 A-C) . WT cells transformed with either pAB or the parent vector, pACYC184, were grown in LB medium with or without arabinose. Without arabinose, cells with pAB grew similarly to cells with pACYC184. However, cells that contained pAB, in arabinose, had a decrease (Ϸ50%) in growth compared with cells with pACYC184 ( Fig. 2 A-C) . Cells kept below A 600 ϭ 0.4 by serial dilution (preincubation for 3, 5, or 7 h in arabinose-containing medium before inoculation into fresh arabinose containing medium at A 600 ϭ .02) grew identically with pAB or pACYC18 (data not shown). Thus, acrAB deletion or overexpression has no effect on logarithmic growth, even over many cell doublings. Arabinose levels of 0.2% and 0.02% led to a 10-fold increase in AcrA levels at 3.5 h (28). We found that AcrA levels present at A 600 Ϸ 0.2, in cells grown for 4, 6, or 8 h in arabinose, were also 10-fold higher (data not shown). Thus, cells overproducing AcrAB exhibit decreased growth at high cell densities and not at low cell densities, despite being overproduced in both.
pSUP4 and pSUP5 contain, respectively, the norE and mdfA genes under the control of their natural promoters inserted within the tetA gene in pBR322. pBR322-based pSY2 contains norE1, an inactive allele of norE (28) . Cells with pSUP4 were the same as control cells in logarithmic growth, but grew to a final stationary phase density Ϸ65% that of control cells (Fig. 2D ). pSUP5 and pSY2 had little or no effect.
CM from Cells Overexpressing acrAB Represses Cell Growth. If overexpression of acrAB leads to decreased stationary phase growth because of increased efflux of a growth cessation signal, than CM derived from cells overexpressing acrAB should repress growth more than CM from WT cells. CM was prepared from cells containing pAB or pACYC184. CM was harvested at A 600 ϭ 1.1 or 1.8. Exponentially growing (A 600 Ϸ 0.4) WT cells with pACYC184 grown in LB broth with arabinose were inoculated into fresh LB medium with arabinose, or into supplemented CM to an A 600 ϭ 0.02, and growth was monitored. Vector CM harvested at either A 600 ϭ 1.1 or 1.8 repressed cell growth compared with fresh LB medium. The CM harvested at A 600 ϭ 1.8 repressed growth more than CM harvested at A 600 ϭ 1.1 (Fig. 2E) . The acrAB overexpression CM harvested at A 600 ϭ 1.1 had the same effect on growth as the vector CM. However, the acrAB overexpression CM harvested at A 600 ϭ 1.8 repressed cell growth more than the vector CM. The repression was quick (Ϸ35% reduction, Ϸ30 min) and increased to Ϸ60% reduction at 3.5 h (Fig. 2E) . At 24 h, all cultures reached similar cell density (data not shown), suggesting that the growth inhibition signal becomes ineffective. That the pAB and vector CM harvested at A 600 ϭ 1.1 had the same effect on cell growth suggests that the signal needs to accumulate to higher density outside of the cell to exert an affect.
Overexpression of acrAB or norE, but not mdfA results in decreased stationary phase growth (Fig. 2 A-D) . We tested whether CM derived from cells overexpressing norE or mdfA affected cell growth. No difference between these CM (harvested at A 600 ϭ 1.8) was observed (data not shown). The difference between AcrAB and NorE CM effects may result from AcrAB emitting its substrate outside of the cell and NorE emitting into the periplasm.
Effect of Mixing ⌬acrAB and WT Cells. WT and mutant cells were grown together at a 1:1 ratio in LB medium. The replacement of the acrAB genes with the kan gene in the mutant allowed us to distinguish it from WT cells. Antibiotic markers do not affect viability in the absence of antibiotic selection (30) .
The mixed cells reached an intermediate density between that of ⌬acrAB and WT (Fig. 3A) , which could have indicated that each strain grew as before and that the signals were not provided to the mutant from the WT strain. Indeed, the viability of the mixed population was the same as with either mutant alone (Fig. 3B and data not shown). However, whereas the WT and mutant cells are represented equally initially, at the same cell density where the mutant strain deviated from WT (Fig. 1) , the mutant strains undergrew in the mixed population, to finally represent Ϸ30% of the total cells (Fig. 3C) . The ratio of mutant to WT cells was unchanged for an additional 24 h. For the mixed population to reach the intermediate cell density shown in Fig. 3A , the WT cells must overgrow. We interpret this finding to mean that, when provided by WT cells, QSS are able to penetrate the ⌬acrAB cells to regulate entry into stationary phase and prevent overgrowth, but that these signals may not readily escape in the absence of the AcrAB pump.
Effect of LuxS on acrAB Overexpression-Mediated Growth Repression.
If overproduction of the MDR transporters represses growth because of increased efflux of a growth-cessation signal, then cells that are defective in generating this signal should not be affected by overproduction of the MDR pumps. Only one QSS, synthesized by LuxS, has thus far been identified in E. coli. This QSS is in the Fig. 2 . Growth of cells overexpressing MDR transporters. LZ24 (WT) cells vector pACYC184 (E) or the acrABencoding plasmid pAB (ᮀ) were grown in LB medium containing chloramphenicol and either no (A), 0.02% (B), or 0.2% (C) arabinose for 3 h and then inoculated into fresh medium to A 600 ϭ 0.02 (time ϭ 0). Cultures were grown at 37°C. A 600 readings were taken at the times shown. (D) Cell growth as above except in LB medium with ampicillin, and the strain (LZ24) with vector pC108 (E), pSUP4 (norE; ᮀ), pSUP5 (mdfA; ‚), or pSY2 (norE1; छ). Cultures were inoculated in duplicate, and the values shown are the mean with SEM. Where there are no error bars, the SEM is smaller than the symbol. The entire experiment was repeated three times with the same results. (E) Growth rates of WT (W4573) cells in CM from cells containing either pACYC184 or pAB. Exponentially growing WT cells containing pACYC184 were inoculated at A 600 ϭ 0.02 (time ϭ 0) into either LB medium with chloramphenicol and 0.2% arabinose (circles); CM harvested at A 600 ϭ 1.1 (squares) from cells with pACYC184 (open symbols) or pAB (closed symbols); or CM harvested at A 600 ϭ 1.8 (triangles) from cells with pACYC184 or pAB and grown at 37°C. A 600 readings were taken as shown. Cultures were inoculated in duplicate into the specified CM; SEM was smaller than the symbols. The experiment was repeated twice with the same results.
autoinducer 2 (AI-2) family, which may form altered chemical forms depending upon environment (31, 32) . QSS made by LuxS has been proposed to regulate stationary phase in E. coli (33) . We transformed a ⌬luxS strain with pAB or pBAD to test whether AI-2 is emitted by AcrAB. Removal of luxS did not prevent the growth repression caused by acrAB overexpression when the cells were grown with arabinose ( Fig. 6 , which is published as supporting information on the PNAS web site). Similar results were also observed for norE overexpression. Thus, the acrAB and norE overexpression phenotype is not dependent on LuxS, indicating that AI-2 is not the putative QSS emitted by these transporters.
Effect of acrAB Overexpression on rpoS Expression.
RpoS is a factor that controls expression of multiple genes involved in adaptation and survival in stationary phase. It is present at low levels during logarithmic growth but increases dramatically as cells transition into stationary phase (34, 35) . RpoS also is involved in how cells react to starvation, osmotic stress, and the stringent response (36) . Studies have linked HSL (37, 38) and PQS (39) with RpoS expression. Thus, RpoS could be a downstream target of a possible growth cessation QSS emitted by AcrAB and NorE.
We measured rpoS expression in cells overexpressing acrAB (Fig. 4 A and B) . Strain HS143 (40) contains rpoS::lacZ. Cells were transformed with either pAB or pACYC184 and grown in LB medium with 0.02% arabinose for Ͼ4 h before the start of the assay. In cells containing the vector plasmid, rpoS transcript levels at low cell density were low but were up-regulated dramatically at high cell density, consistent with previous results (Fig. 4A) . At low cell density (A 600 Յ 0.4), overexpression of acrAB did not affect rpoS, but overexpression of acrAB stimulated rpoS expression at a lower cell density than in cells with normal levels of acrAB. Cells overexpressing acrAB had the same rpoS transcript levels at a density of A 600 ϭ 1.2 as that of cells with vector at a density of A 600 ϭ 1.8 (Fig. 4B) .
Cells overexpressing acrAB grow slower once they reach midlogarithmic phase (A 600 Ͻ 0.4). If rpoS expression is sensitive to growth rate, then one reason for the changed rpoS transcript level might be a difference in growth rates. We determined the rpoS expression profile for WT cells grown at 30°C and 37°C. WT cells grown at 30°C double Ϸ50% slower as compared with cells grown at 37°C (data not shown). The rpoS promoter activity, at various cell densities, was identical for cells grown at either temperature (data not shown) indicating that growth rate, alone, does not affect rpoS expression. Cells overexpressing either mdfA or norE exhibited the same rpoS transcript levels as WT cells (data not shown).
Effect of Decreased acrAB on rpoS Expression. If cells overexpressing
acrAB cause an increase in rpoS transcript levels because a QSS is accumulating faster, then cells lacking acrAB should exhibit the opposite effect. The rpoS::lacZ allele was transduced into an acrAB mutant (N43) and its isogenic WT strain (W4573). At low cell densities, rpoS promoter activity in the acrAB mutant cells was Ϸ85% that of WT cells (Fig. 4C) . WT cells had increased rpoS transcript levels with increased cell density, as expected. However, rpoS transcripts were reduced Ϸ50% in acrAB mutant cells (Fig.  4C ). This finding suggests that acrAB is required for the full increase in rpoS transcription levels during the transition to stationary phase. The removal of norE had no effect on rpoS transcript levels, in either WT or acrAB cells (Fig. 4C) . Discussion E. coli exhibits several quorum sensing-regulated phenotypes: inhibition of DNA replication initiation (9) , regulation of the sdiA promoter (22) , regulation of virulence genes in pathogenic E. coli (41, 42) , regulation of genes involved in energy production in stationary phase (33, 43) , and regulation of RpoS (26, 34) .
AcrAB is positively regulated by the quorum sensing-regulated transcription factor SdiA. We have shown here that ⌬acrAB cells grew to higher cell density than WT as measured by optical density, total protein levels, and visible and viable cell counts. The ⌬norE and tolC mutant strains grew to similar cell density as the ⌬acrAB strain. Previously, a ⌬luxS mutant was reported to grow faster than Effect of acrAB or norE mutations on rpoS expression. Isogenic strains containing lacZ under control of the rpoS promoter (LZ2755, WT, ᮀ), and acrA1 (LZ2756, E), ⌬norE (LZ2757, ‚), or acrA1 ⌬norE (LZ2758, छ) were grown in LB broth, and ␤-galactosidase activity was measured as in A. Experiments were repeated four times with the same results.
WT cells (42) . However, closer examination of the data reveals that the logarithmic growth was the same. Only when cells exited logarithmic growth did ⌬luxS overgrow. Thus, ⌬luxS is another potential example of an overgrowth phenotype.
A possible explanation for the increased density of the ⌬acrAB or ⌬norE strains is that they emit less QSS into the medium. Consistent with this finding, WT cells cultured in CM derived from ⌬acrAB ⌬norE were less efficient at suppressing growth than CM from WT cells. This effect was temporary, peaking at 90 min after inoculation. An unidentified E. coli QSS found in CM that inhibits DNA replication also exerted only a temporary inhibitory effect (9) .
We propose that AcrAB, NorE, and perhaps other MDR pumps promote cell-cell communication by extruding QSS more efficiently than the signals can diffuse on their own (Fig. 5) . Although AcrAB and NorE might be extruding multiple QSS, we consider the simplest case, one QSS (Fig. 5) . As cells grow and synthesize QSS, the extracellular concentration increases. Once the extracellular QSS concentration is high enough (quorum is reached), the entire population of cells enters stationary phase. The effects of AcrAB, MdfA, and NorE upon entry into stationary phase is illustrated in Fig. 5B . Strains lacking the acrAB or norE gene have decreased, and strains overexpressing acrAB or norE have increased, extracellular QSS relative to WT cells. Thus, those cells enter stationary phase accordingly. MdfA had no effect on this process. This transporter may function instead to allow alkali tolerance (44) .
In Vibrio harveyi, the AI-2 signal binds to a periplasmic LuxP receptor that transduces the signal through sensor kinases and a phosphotransferase to a response regulator (1). Our model proposes a periplasmic receptor for QSS because cells lacking efflux pumps accumulate QSS inside the cell, but this does not trigger entry into stationary phase. In addition, when WT and acrAB mutant cells are mixed, the acrAB cells seem to act as a sink for the QSS. This finding may result from QSS entering the periplasm of both WT and mutant cells equally well, but WT cells can efficiently efflux the QSS from the periplasm unlike the acrAB cells.
RpoS is up-regulated dramatically as cells exit logarithmic growth. A reasonable model is that QSS may trigger rpoS expression. rpoS transcripts are reduced in acrAB mutant cells. In addition, overproduction of AcrAB resulted in earlier induction of rpoS, which may indicate that AcrAB emits QSS that trigger rpoS. The general stress caused by protein overexpression indirectly may trigger RpoS expression (45) . If this is the case, then even WT levels of AcrAB cause such stress to the cells. Also, overproduction of MdfA or NorE has no effect on rpoS promoter activity.
We found that the luxS null mutant still shows repression of growth by acrAB or norE overexpression. Thus, it is unlikely that LuxS synthesizes a signal emitted by these pumps. The only molecules that AcrAB and NorE are both known to efflux are a subset of the fluoroquinolone class of antibiotics (28) . Perhaps the QSS affecting stationary phase resembles these fluoroquinolones.
Bacterial genomes contain tens to hundreds of transporters (46) . Different efflux pumps, or families of pumps, might have different signal specificities, leading to a wide range of regulation and communication possibilities within a microbial community. QSS can act as agonists or antagonists with each other (47) . The multiple signals and their hierarchies may provide a resilient and adaptable ''intelligence network'' that permits bacteria to survey and react quickly to the surrounding environment. Murine hematopoietic stem cells have very high levels of efflux activity (50, 51) , which inversely correlates with stem cell differentiation (52, 53) . Overexpression of P-glycoprotein seems to increase hematopoietic stem cell activity (54) , and the ABC transporter Bcrp1͞ABCG2 is expressed in stem cells (55) . In the tissue proportioning that dictates prestalk and prespore cells in Dictyolstelium, pharmacological evidence suggests that prespore-specific transporters preclude the response of those cells to a stalk cell inducer (56) . Perhaps a general function of these transporters is to efflux signals that would otherwise promote differentiation, as part of a cell-cell communication mechanism similar to that proposed here. The natural signals emitted by both prokaryotic and eukaryotic pumps will be of enormous future interest.
Materials and Methods
Strains, Plasmids, and Reagents. E. coli strains, plasmids, and buffer conditions used are listed in Table 2 , which is published as supporting information on the PNAS web site. For all comparative analyses, isogenic strains were used. For simplicity, we refer to the strains by their relevant genotype. Unless specified otherwise, all The outer membrane of Gram-negative bacteria is more permeable than the inner membrane. Although some QSS diffuse freely across cell membranes, efflux pumps assist other QSS (denoted as squares). The AcrAB͞TolC transporter expels QSS from the cytoplasm and periplasm to outside the cell. The NorE pump is located in the inner membrane and expels its substrate into the periplasm. When QSS reach threshold density, a signal transduction cascade is triggered, perhaps through a receptor, R, as shown. RpoS increases, causing entry into stationary phase. (B) Effect of acrAB, norE, or mdfA efflux pump levels on entry into stationary phase. At low cell density, intra-and extracellular QSS concentrations are low. As cell density increases, extracellular QSS concentration increases until the probability that the QSS encounters its periplasmic receptor is high. Increasing efflux pump levels by overexpression from plasmids pAB (acrAB), pSUP4 (norE), or pSUP5 (mdfA) are denoted as arrows pointed up. Overexpression of either acrAB or norE hastens the increase in the extracellular concentration of QSS and, therefore, entry into stationary phase. Cells lacking acrAB or norE have a delayed increase in extracellular QSS concentration that delays entry into stationary phase. chemicals were reagent grade obtained from Fisher Scientific or Sigma.
Cell Density Measurements. Logarithmically growing cells were inoculated to A 600 ϭ 0.02 into LB medium (time ϭ 0), and spectrophotometric readings were taken over time. Aliquots were plated on LB-agar and incubated 12-15 h at 37°C to obtain colony-forming units͞ml (cfu͞ml). To determine total cell protein, 1 ml of cells grown overnight was harvested, washed with ddH 2 0, resuspended in 200 l of lysis buffer (1% SDS͞350 mM 2-mercaptoethanol͞62.5 mM Tris⅐Cl, pH 6.8), incubated at 100°C for 5 min, and subjected to Bradford assays (Bio-Rad). Cell number was determined from cultures fixed with formaldehyde (5% final concentration) by counting, using a Petroff-Hausser slide counter and a Zeiss phase contrast microscope.
For growth in medium with arabinose, exponentially growing cells were inoculated into LB medium with arabinose and grown for 3 h for induction to A 600 ϭ 0.2-0.4. These arabinose-induced cells were then diluted to A 600 ϭ 0.02 in fresh medium with arabinose (time ϭ 0). For the mixed growth experiments, exponentially growing cells were inoculated to a cell density of A 600 ϭ 0.02. At various times, A 600 was measured, a dilution was spread onto LB-agar (for total cfu͞ml) or onto LB-agar with 50 g͞ml kanamycin (for cfu͞ml of ⌬acrAB::kan). Replica plating from LB-agar plates onto LB-agar plates with kanamycin was also used.
CM Assays. Exponentially growing WT (W4573) or ⌬acrAB ⌬norE (LZ2186) cells were inoculated to A 600 ϭ 0.005 into LB medium, grown until A 600 ϭ 3.0 (Ϸ5 h), and pelleted by centrifugation (Beckman) at 3,000 ϫ g for 10 min. The supernatant was decanted and sterilized through 0.22-M filters (Millipore) to generate CM, which was stored in single-use aliquots at Ϫ80°C. Before use, CM was supplemented with 0.5ϫ LB medium (from 20ϫ stock, 50 g͞liter Difco yeast extract, 100 g͞liter Difco tryptone peptone). Recipient cells were grown with shaking at 37°C to a cell density of A 600 Ϸ 0.4 in LB medium, and then diluted into CM (A 600 ϭ 0.02) and grown, with shaking, for the duration of the experiment. Aliquots were taken over time, and cell densities were measured.
For CM from WT cells (LZ24) overexpressing acrAB or not, exponentially growing arabinose-induced WT cells containing parent plasmid, pACYC184, or pAB were inoculated to A 600 ϭ 0.01 into LB medium with arabinose and grown until either A 600 ϭ 1.1 (Ϸ3 h) or A 600 ϭ 1.8 (Ϸ4 h) before being processed as above, except that the CM was supplemented with 0.2% glycerol, 0.25% casamino acids, and 2.5 g͞liter thiamine.
␤-Galactosidase Assays. Exponentially growing arabinose-induced HS143 cells containing pAB or pACYC184 were inoculated into LB medium with arabinose to A 600 ϭ 0.02 (time ϭ 0). Over time, aliquots were taken to measure A 600 and ␤-galactosidase activity (57) . To determine rpoS promoter activity in cells with inactive efflux pumps, we used strains LZ2755, LZ2756, LZ2757, or LZ2758.
